Background-The magnitude of QT prolongation in response to bradycardia, rather than the bradycardia per se, determines the risk for torsade de pointes during atrioventricular block (AVB). However, we do not know why some patients develop more QT prolongation than others, despite similar bradycardia. We hypothesized that in patients who develop significant QRS vector changes during AVB, the effects of cardiac memory lead to excessive QT prolongation. Methods and Results-We studied 91 patients who presented with AVB and who also had an ECG predating the bradyarrhythmia for comparison. We correlated changes in QRS morphology and axis taking place during AVB with the bradycardia-induced QT prolongation. Patients with and without QRS morphology changes at the time of AVB were of similar age and sex. Moreover, despite similar R-R interval during AVB, cases with a QRS morphology change had significantly longer QT (648±84 versus 561±84; P<0.001) than those without. Patients who developed a change in QRS morphology at the time of AVB had a 7-fold higher risk of developing long QT. This risk nearly doubled when the change in QRS morphology was accompanied by a change in QRS axis. Conclusions-Cardiac memory resulting from a change in QRS morphology during AVB is independently associated with QT prolongation and may be arrhythmogenic during AVB. (Circ Arrhythm Electrophysiol. 2014;7:1129-1135.)
T he acquired long QT syndrome (LQTS) complicating atrioventricular block (AVB) is a commonly observed form of LQTS. 1 In fact, the original description of torsade de pointes (TdP), the hallmark arrhythmia of the LQTS, was entirely based on patients with LQTS complicating AVB. 2 Yet, despite extensive experimental data explaining the pathophysiology of QT prolongation in animal models of AVB, [3] [4] [5] current understanding of predictors of TdP in humans is limited. [6] [7] [8] Although it is well established that QT prolongation, [6] [7] [8] particularly when accompanied by T-wave abnormalities, 8 is a requisite for TdP during AVB, we do not know why some patients develop more QT prolongation than others, despite similar bradycardia. 8 
Clinical Perspective on p 1135
Most adults presenting with AVB have a chronic conduction system disease that manifests years earlier as either right or left bundle branch block (RBBB or LBBB). With progression to complete AVB, a slow escape rhythm appears with a QRS morphology that may be similar to or different from the QRS morphology of the previously conducted rhythm. 9 For example, some patients in whom chronic LBBB deteriorates into complete AVB develop a ventricular escape rhythm with RBBB-like morphology. 9 Such changes in QRS morphology will inevitably be accompanied by T-wave changes due to cardiac memory.
Cardiac memory is the term used to describe the phenomenon of persistent T-wave abnormalities appearing during normal ventricular activation following a period of altered ventricular activation. 10, 11 Whenever the QRS is wide and abnormal (eg, during ventricular pacing), the T waves will inevitably be also abnormal (secondary T-wave changes); if the QRS then normalizes (as on discontinuation of ventricular pacing), the T waves will ultimately normalize too, though only at a later stage. The longer the duration of the ventricular pacing period, the longer the T waves will remain abnormal after pacing is stopped. During this period of cardiac memory, the T waves "remember" the vector of the previously abnormal QRS and continue to point in that direction. December 2014
Although generally assumed to be an innocent electrocardiographic phenomenon, cardiac memory has also been hypothesized to be a marker of evolving pathology. 12, 13 Moreover, one of the ion channel changes of cardiac memory is a transcriptionally induced reduction of potassium (I Kr ) channels.
14 The resulting reduction in epicardial repolarizing currents increases left ventricular repolarization gradients. 15 Therefore, we speculated that among patients who develop significant QRS vector changes during AVB (a time when mechanical remodeling is occurring and repolarizing currents are already compromised), 4 the ensuing cardiac memory would lead to excessive QT prolongation. This study tested that hypothesis.
Methods
We screened consecutive hospitalized patients for whom consultation was sought because of bradycardia. Considered for this study were all patients with 12-lead ECG documentation of 2:1, complete, or high-degree AVB (defined as complete AVB with rarely conducted P waves). Patients were included only if they also had a recent (<12 months old) ECG predating the development of AVB available for comparison. We excluded patients with the following forms of AVB: (1) paroxysmal complete AVB that resolved within seconds, before the appearance of a stable escape rhythm, (2) AVB in the setting of acute myocardial infarction, drug toxicity, or vagal syncope and (3) AVB leading to emergency temporary pacemaker insertion before 12-lead ECG recordings were performed. We also excluded patients receiving QT-prolonging medications (listed in www.torsadesdrug.org).
The baseline ECG was the most recent ECG predating the onset of AVB, whereas the AVB ECG was the AVB tracing with the slowest ventricular rate throughout hospitalization. ECG measurements were done by 2 investigators (R.R. and S.V.). The following parameters were compared on the baseline and AVB ECGs: heart rate, QRS width, QRS morphology, QRS axis, QT, and QTc. A change in QRS morphology during AVB refers to a change from RBBB to LBBB (or vice versa) or rarely to the appearance/disappearance of BBB morphology during AVB. When the escape rhythm during complete AVB appeared to originate from the ventricle (rather than from the conduction system), we defined the morphology as RBBB-like or LBBB-like based on the best approximation. 16 Such escape rhythms are sometimes unstable, changing in terms of rate and site of origin. 9 When that happened, we repeated all measurements for every escape rhythm noted. The QRS axis was recorded as a continuous variable (in degrees) and was also recorded as either normal, left, or right axis based on standard definitions. 16 Delta-axis (Δ-axis) was the absolute change in degrees between the baseline QRS axis and the axis during AVB (for −30° at baseline and 90° during AVB, the Δ-axis is 120°). The QT interval was measured in the lead showing the longest QT duration that could be accurately measured, always using the same lead for baseline and AVB ECGs. ΔQT and ΔQTc were the increment in QT and QTc from baseline to the AV block ECG. Long QT during AVB was defined as QT ≥570 or QTc ≥480 ms because such values best-distinguished patients with AVB-related TdP from otherwise similar patients with uncomplicated AVB in a previous study. 8 All patients ultimately underwent pacemaker implantation, and the timing of the procedure was not affected by this study. Patients reported in previous series of AVB 8, 17 were not included here. Our institutional review board approved the study and voided the need for obtaining informed consent. ‡Long QT=QT≥570 or QTc≥480 ms because these values provided the best separation between patients with and without TdP during AVB in a previous study.
Statistical Analysis
Univariate comparisons between any 2 groups were done using the Student t test for continuous variables. χ 2 or Fischer exact tests were used for categorical variables. The Spearman correlation coefficient was used to assess the association between Δ-axis and Δ-QT or Δ-QTc. Univariate and multivariable associations between different variables and the development of long QT or TdP were assessed using binary logistic regression. Analyses were considered significant for P<0.05 (2-sided). We used SPSS statistical software (version 21.0).
Results

Baseline Characteristics
We studied 91 patients presenting with 2:1 (18 patients) or high-degree/complete AVB (73 patients) and who also had an ECG predating the bradyarrhythmia. Their mean age was 77±12 years and 53% were male. The baseline ECG used for comparison had been recorded within 12 months (median 5. 
Electrocardiographic Characteristics of AVB
The ventricular rate was 44±5 beats/min during 2:1 AVB and 37±8 beats/min during complete AVB. As expected, the R-R interval during complete AVB was longer than that during 2:1 AVB (1740±460 ms versus 1400±183 ms; P<0.001). Accordingly, the QT during complete AVB (602±87 ms) was longer than that during 2:1 AVB (532±107 ms; P=0.004). Nevertheless, after correcting for the differences in heart rate, the QTc Figure 2 . Effects of QRS morphology change during atrioventricular block (AVB). A 50-year-old woman with sinus rhythm, left axis deviation, and left bundle branch block (LBBB) at baseline (A) presented with 2:1 AVB (B, P waves marked by small arrows), and developed complete AVB 2 hours later (C). The QRS pattern during 2:1 AVB is similar to the QRS morphology and axis at baseline (A and B). In contrast, during complete AVB, the ventricular escape rhythm has a right bundle branch block (RBBB) morphology (C). Note the deep inverted T waves in leads V1 to V4 that point to the direction of the QRS at baseline as characteristic of cardiac memory. Also note that despite similar ventricular rate during 2:1 AVB and complete AVB (36 vs 38 beats/min in B and C), the QT is unequivocally longer in C. Figure 3 . Effects of alternating QRS axis on the QT interval during 2:1 atrioventricular block (AVB). In the left (A), the baseline ECG shows sinus rhythm with right bundle branch block (RBBB) and left anterior hemiblock. In the right (B), 2:1 AVB with alternating QRS axis occurs. Note that during AVB all complexes have an RBBB morphology (with subtle alternating differences in lead V1). The first, third, and fifth complexes have a left axis that is similar to the QRS axis at baseline. In contrast, the second and fourth QRS complexes have right axis deviation. Consequently, the second and fourth QRS complexes have deep inverted T waves (arrows) in the inferior leads that point to the direction of the old QRS complexes, implying cardiac memory. There are slight beat-to-beat variations in R-R interval but the huge QT intervals of the second and fourth QRS complexes are preceded by slightly shorter R-R intervals.
no longer differed between the 2 groups (QTc 465±75 ms during complete AVB versus QTc 452±92 ms during 2:1 AVB; P=0.53).
For 83% of patients (n=76), only 1 escape rhythm was recorded during complete AVB (Figure 1 ), whereas 16% (n=15) had 2 escape rhythms recorded. For each of these 15 patients, their baseline ECG was counted twice and was compared with each one of their escapes, leading to a total of 106 ECG comparisons of traces, referred hereunder as 106 cases.
Change in QRS Morphology During AVB
In 36 (34%) of 106 cases, AVB led to a change in QRS morphology in comparison with baseline. As expected, changes in QRS morphology occurred more commonly during complete AVB (47% of cases) than during 2:1 AVB (only 2 [11%] cases).
Patients with and without QRS morphology changes at the time of AVB were of similar age and sex and had similar ECG parameters at baseline (Table 1) . However, despite similar R-R interval during AVB, cases with a QRS morphology change had significantly longer QT and QTc intervals than cases without QRS morphology change (Figures 1-3 ; Table 1 ). A change in QRS morphology during AVB was associated with larger ΔQT and ΔQTc. However, changing from RBBB to LBBB at the time of AVB had a similar impact on QT prolongation (ΔQT 220±70 ms) as a change from LBBB to RBBB (ΔQT 239±89 ms; P=0.85), and the same was true for ΔQTc. Repeating our analysis after excluding the few patients with narrow QRS showed the same results.
Changes in QRS Axis During AVB
AVB led to a change in QRS axis in 37 (35%) cases. Patients with a change in QRS axis were of similar age and sex than patients without it. Despite similar R-R intervals, a change in QRS axis during AVB was associated with longer QT and longer QTc intervals ( Table 2 ). There was a significant correlation between Δ-axis and ΔQT (Spearman correlation r=0.218; P=0.025) and between Δ-axis and ΔQTc (r=0.308; P=0.001).
Changes in Both QRS Morphology and Axis
AVB led to a QT prolongation of 140±84 ms when no changes in QRS morphology or axis occurred but led to a significantly longer QT increment (ΔQT 200±68; P=0.007) when the QRS morphology changed and to an even greater QT prolongation (ΔQT 250±100 ms; P<0.001) when changes in both QRS morphology and QRS axis occurred. 
Long QT and TdP Complicating AVB
A long QT 8 was observed in 46 (51%) patients, and 12 of them had documented TdP. Thus, 13% of all our patients with AVB and 26% of those with long QT had documented TdP. All but 2 of them were female and in all but 1 had complete AVB. As in our previous series, 8 patients with TdP had longer QT (695±97 ms versus 577±85 ms; P<0.001) and longer QTc (551±113 ms versus 451±65 ms; P=0.011) than patients without TdP even though their R-R interval during their most severe bradyarrhythmia was not different (R-R 1663±344 ms versus 1680±459 ms; P=0.9). Limiting this analysis to patients with wide QRS showed similar results. A change in QRS morphology during AVB was a strong independent predictor of long QT (Table 3) . A change in QRS morphology was strongly associated with TdP but only when excluding QTc from the regression model (Table 4) . In other words, a change in QRS morphology was significantly associated with TdP because it led to a long QT. Patients who developed a change in QRS morphology at the time of AVB had almost a 7-fold higher risk of developing long QT. The risk was ≈11-fold higher if this change in QRS morphology was accompanied by a change in QRS axis (Table 3 ).
Discussion
The fact that the QT interval prolongs in response to heart rate slowing has been accepted as a normal response for a century. 18 Yet, during AVB, different patients develop different degrees of QT prolongation in response to similar degrees of bradycardia, 8 and it is the magnitude of this QT prolongation in response to bradycardia, rather than the bradycardia per se, that determines the risk of TdP.
6-8 Here, we describe how cardiac memory plays a critical role in promoting QT prolongation.
New Findings
The fact that changes in QRS morphology are accompanied by T-wave changes 11 referred to as cardiac memory 10 is well established. 12, 13 The new findings are as follows: (1) One third of patients develop a change in QRS morphology at the time of AVB; (2) Such patients have greater QT prolongation and are at high risk of developing TdP; and (3) QRS morphology alterations also involving a change in QRS axis are associated with even greater QT prolongation. These observations demonstrate that cardiac memory affects QT prolongation during AVB.
Previous Studies
TdP complicating AVB is not that rare. The original description of TdP by Dessertenne, 2 when little was known about the LQTS, was based on patients with AVB. In a recent analysis of the onset of TdP, AVB was the etiology in 28% of cases. 19 It is therefore not surprising that 13% of the patients with AVB in this series had documented TdP.
Animal models of AVB-related LQTS, created by ablating the His bundle, 3, 4 demonstrate that persistent bradycardia generates progressive mechanical 3 and electric remodeling mediated by downregulation of potassium channels. 4 This process leads, over time, to prolongation of the left ventricular action potential, resulting in progressive QT prolongation. 5 The animals in these experiments had a normal QRS morphology before the induction of AVB. Therefore, the role of cardiac memory has not been studied in the AVB dog model. Interestingly, a recent animal study suggests that preservation of near-normal QRS morphology after AVB (achieved by ventricular pacing near the His bundle area) reduces the inducibility of TdP when compared with escape rhythms of similarly slow heart rates but with abnormal QRS morphology. 20 Although the authors credited the beneficial effects of His pacing to the preserved ventricular activation pattern, 20 it is possible that by preventing changes in QRS morphology at the time of AVB, His pacing averted cardiac memory, limiting QT prolongation.
Arrhythmogenic Potential of Cardiac Memory
Cardiac memory is considered a benign phenomenon that needs to be distinguished from more concerning causes of T-wave inversion like myocardial ischemia. 10, 11, 13 Emerging data, however, suggest that cardiac memory is potentially arrhythmogenic: (1) Cardiac memory induced by discontinuation of ventricular pacing involves an increased dispersion of ventricular repolarization. 12 (2) In patients implanted with dual chamber pacemakers because of sinus node dysfunction, reprogramming the devices to atrial pacing only, after weeks of continuous atrioventricular pacing, leads to marked QT prolongation, 21 and electrocardiographic imaging 22 confirms that (like in the animal model) cardiac memory in humans is associated with increased dispersion of repolarization across the ventricles. In all these studies, the impact of cardiac memory on QT prolongation was modest and would not be expected to be arrhythmogenic. However, given the synergistic effects of cardiac memory and QT-prolonging drugs, 23 it is not surprising that the QT prolongation of cardiac memory becomes clinically significant in the setting of the impaired repolarization reserve caused by ongoing bradycardia. One case of TdP clearly related to cardiac memory has already been reported in a patient with long QT when long-standing ventricular pacing became intermittent. 24 
Limitations
In animal studies of AVB, the QT prolongation continues to worsen over time, ultimately facilitating induction of TDP in 78% of bradycardic dogs. 5 In our patients, determining the precise time of the onset of AVB was impossible. Perhaps more patients without changes in QRS morphology would end-up developing similar degrees of QT prolongation if pacemaker implantation had been delayed. Indeed, it is plausible that during AVB, cardiac memory causes earlier, rather than grater, QT prolongation. Blinded assessment of QT interval was impossible because the deep inverted T waves of cardiac memory indicated that a change in QRS morphology had occurred. Finally, data on left ventricular function, electrolyte levels, and use of diuretics were not collected.
Clinical Implications
The majority of patients with acquired AVB undergo permanent pacemaker implantation regardless of their QT interval, but many are observed overnight when they are asymptomatic. We trust that physicians will diagnose a long QT in the admission ECG even if the underlying mechanism (ie, cardiac memory) is not recognized. Thus, the take-home message of our study may relate to patients who do not have obvious QT prolongation on admission. In our series, 20% of patients with complete AVB and apparently stable escape rhythm suddenly developed a second escape rhythm with different QRS morphology. This event, which may not be appreciated when only single-lead ECGs are monitored, will lead to sudden QT prolongation that may culminate in TdP (Figure 4) . Such lifethreatening complication would be unexpected in a patient with benign-looking ECG at the time of admission.
Our study is observational, and our results should be considered hypothesis generating. The fact that female sex correlates with increased risk of TdP independently from the QT interval deserves further study.
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